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SUMMART 

A future requirements and advanced market 
evaluation study indicates derivatives of 
current wide-body aircraft, using 1980 advanced 
technology, would be economically attractive 
through 2008, but new dedicated airfreighters 
incorporating 1990 technology, would offer 
little or no economic incentive. They would be 
econ(»nically attractive for all payload sizes, 
however, if RD and " costs could be shared in a 
joint civil /military arrangement. For the 1994- 
2008 cargo market, option studies indicate Mach 
0.7 propfans would be economically attractive 
in trip cost, aircraft price and airline ROl. 
Spanloaders would have an even lower price and 
higher RQI but would have a relatively high 
trip cost because of aerodynamic ineffi- 
ciencies. Dedicated airfreighters using prop- 
fans at Mach 0.8 cruise, laminar flow control, 
or cryofuels, would not provide aiv great eco- 
nomic benefits. Air cushion landing gear con- 
figurations are identified as an option for 
avoiding runway constraints on airport accom- 
modation of very large airfreighters. For all 
options, significant technology require'^nts 
and/or operational constraints are noted. 

INTRODUCTION 

Options and configurations considered 
herein for multirole aircraft address all-cargo 
vehicles suitable for efficient and economical 
transport in either civil or military service. 
An aircraft configuration fully suitable for 
both civil and military use has yet to be 
defined despite considerable efforts over the 
past several decades. Incompatibilities have 

arisen over conflicting demands: civil 'argo 

requires fast, economical movement of low den- 
sity pallets or containers in regularly sch-’- 
duled operations between airports having i<u.1 
equipped cargo terminals, whereas military 
cargo requires large volume airlift of supplies 
and equipment (some outsize and/or high 

density) responding to emergencies and 

operating between airports not always equipped 
to handle cargo. 

♦Numbers in parenthesis designate References at 
end of paper 


Cargo versions of passenger transports 
generally have been satisfactory in meeting 
civil but not military needs. Aircraft con- 
figured for military airlift, however, have not 
proven to be economically viable for civil use. 
Toward solving this dilemma, effort has been 
underway for the last several years to arrive 
at a common design configuration for an all-new 
cargo aircraft which not only would be economi- 
cally attractive to the civil sector but also 
would be suitable for in meeting all military 
airlift demands. 

The econcmic attractiveness to the civil 
sector of any all -new (dedicated) cargo 
aircraft, whether or not it has, military com- 
monality, requires consideration of nany fac- 
tors. To provide insight in this area, review 
will first be made of a recent 30-year outlook 
study which examined the future requirements 
and economics of the civil cargo fleet, and 
included the economic impact of military par- 
ticipation. Several candidate advanced tech- 
nology options for dedicated cargo aircraft 
will then be examined in terms of cargo fleet 
economics plus other considerations including 
the potential benefits and constraints of con- 
figurations, and technology requirements which 
need to be addressed. 

CIVIL FLEET 30-YEAR OUTLOOK 

A recently completed study (1)* for NASA 
by the Douglas Aircraft Company determined the 
requirements for the world fleet of civil 
freighter aircraft that would meet the cargo 
market demand to the year 2008. Identified in 
that study were economic constraints on future 
dedicated cargo aircraft which could profoundly 
affect the introduction of advanced technology. 
A description of the study and results per- 
tinent to multirole cargo aircraft op.'ons and 
configurations follows. 

OUTLOOK STUDY METHODOLOGY - The cargo 
aircraft fleet mix operational characteristics 
and economics, for forecast time periods 
extending between 1978 and 2008 were deter- 
mined using an existing Douglas simulation 
program called FRAME (Future Requirements and 
Advanced Market Evaluation). The FRAME program 
outlined in detail on figure 1, accepts a cargo 
system iiodel and related inputs (e.g. cargo 




Fig. 1 - Program used in future requirements and 
market evaluation 


market demand growth forecasts) and operational 
variables (e.g. system network characteristics, 
constraints). It also accepts aircraft charac- 
teristics (e.g. payload, aircraft price). 
Using this information the program provides 
annual operational and economic information on 
the fleet mix of aircraft to satisfy the needs 
defined by the system model for the time period 
of concern. ' • 

The cargo system model input was developed 
from a base provided by an historic analysis 
(from 1967 to 1978) of the air cargo system. 
For the 431 worldwide airports served by al^- 
cargo operation, city pair data were analyzed 
to provide a distribution of jet airfreighter 
type by distance alony with the distribution of 
available throughput capability. Market growth 
beyond 1973 was based upon forecasts developed 
during the recent, comprehensive Cargo 
Logistics Airlift Systems Study (CLASS) (2). 
It should be noted that account was taken of 
system- induced growth factors and the changing 
all -cargo aircraft share of the total market. 

Aircraft characteristic inputs to the 
FPAME program were developed from a base pro- 
vided by analysis of t'.e the fifteen generic 
types of jet aircraft currently used for all- 
cargo operation. Since the types fall into 
three dis*inct sizes, averaging the capabili- 
ties and characteristics within each size pro- 
vided three synthesis id aircraft to represent 
current small narrow oody, large narrow body, 
and wi debody aircraft, respectively. The capa- 
bilities and chai'acteristics of derivative and 
dedicated future cargo aircraft were also 
synthesized. The derivative and dedicated 
aircraft incorporated technology advances 
expected to be available in 1980 and 1990 
respecti vely. The advances, represented as 
increiuents in weight, specific fuel consumption 
(SFC), lift/drag ratio (L/D), manufacturing 
cost, and maintenance cost, were estimated to 
be as follows; 


TECHNOLOGY 

1980 

1990 

Structures 

-8% Wt 

1% Mfgr Cost 

-24% Wt. 

-13.5% Mfgr Cost 
-2% Maint. Cost 

Propulsion 

-8% SFC 
-2% Eng. Wt. 

-13% SFC 
■t-7% Pro. Cost 
-5% Maint. Cost 
+4% Eng. Wt. 

Aerodynamics 

+4% L/D 

+8% L/0 
+3% L/D 

Act. Fit. Contr 

. -2.5X Wt. 

-5.5% Wt. 

Landing Gear 

-1% Wt 

-1% Wt 

Cargo Loading 

- 

-4% Wt 

FLEET MIX 

AND ECONOMIC 

OPTIONS - Any 


number of scenarios, regarding types and timing 
of new aircraft, can be used in forecasting the 
future fleet mix. In the Douglas study, the 
scenario, for the 1978-2008 time period, 
allowed introduction of advanced technology 
derivative aircraft in 1984 and of dedicated 
aircraft in 1994. Thus the fleet mix in 1984 
of current -type aircraft was determined, and 
subsequently competed with new derivative con- 
figurations projected to enter the fleet 
following 1984. The introduction and growth of 
derivative aircraft, incorporating 1980 tech- 
nology, were evaluated parametrically to dete, - 
mine effects of aircraft size (from 23 to 
181 tonnes) and range (from 3200 to 7000 km). 
The results defined the 1994 fleet of current 
and derivative aircraft types to compete with 
new oadicated freighter aircraft. These new 
aircraft, utilizing 1990 technology, were eva- 
luated to determine the best dedicated aircreft 
to meet the market demand. The fleet economics 
that would result with the preferred mix of the 
dedicated, derivative and current aircraft were 
then derived out to the year 2008. 

Use of Current Aircraft - A 30-year 
outlook for the cargo fleet mix is shown in 
figure 2 in terms of cumulative units of 
current, derivative and dedicated aircraft. 
For the current fleet, the small, narrow body 
aircraft will be replaced by the large narrow 
bodies, which in turn will be replaced by the 
wi debody types in the mi d- 1980' s. The number 
of widebody freighter aircraft will increase 
from the cur'^ent 35 to about 95 units by 1986. 

Derivative Aircraft - 1980 technology 

incorporated into derivative aircraft were 
calculated to provide a 20 percent reduction in 
trip cost and a 15 percent reduction in the 
price of an aircraft comparable to current 
widebodies. Derivative aircraft are shown in 
figure 2 to have a 150-tonne payload, which 
would provide the best return on investment 
(ROI) to the airlines. Reduction in aircraft 
size to a 91 tonne payload, however, would 
reduce ROI by only one percent. With regard to 
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aircraft ranye, development of a short and long 
range comb’nation of a 150 tonne derivative 
would be economically preferred, giving a four 
percent increase in airline ROI and a 20 
percent decrease in investment relative to the 
reference fleet of current aircraft. There 
would be little economic penalty, however, in 
developing only a medium range derivative. The 
number of airfreighters would total 325 by 1995 
with 250 being 150-tonne derivative aircraft; 
however, the current wi debodies would remain 
competitive over progressively decreasing 

operating ranges. Considering the several 

designs of widebody aircraft currently in the 
market, it is quite likely that more than one 
of the manufacturers will offer future deriva- 
ives modified for cargo operations. 

Dedicated Aircraft - The study assumed 
that “Tlie dedicated freighter would not be 
HiOdified for passenger operations. In vi'sw of 
the limited market for such deuicatea aircraft, 
the economic analysis was performed on the 
basis of a ROI to the manufacturer of 15 per- 
cent. 

Viith 1990 technology, the price of a 95- 
tonne dedicated freighter would be 45 percent 
less than for a comparable current widebody, 
when viewed in 1994 dollars. The 150-tonne 

site shown for the dedicated freighter on 
figure 2 is not quite optimum with regard to 
economics but may be iimre attractive from other 
considerations (e.g. airport congestion) than 
would be the 68-tonne site which had the best 
airline ROI. 

The economics of the 68 and 150-tonrie 
aircraft were calculated on the basis of two 
manufacturers (which will he the more likely 
situation), as well as for one manufacturer : 


PAYLOAD 

68- TONNE 

150- TONNE 

150- TONNE 

A/C TYPE 

DEDICATEE 

1 DEDICATED 

DERIVATIVE 

Number of 

Aircraft 

1253 

673 

573 

Mfgrs. 

1 2 

1 2 

2 

ROI, % 

25 22 

24 21 

21 

Fleet $, 

Bill ions 

93 111 

101 124 

113 

Tor two manufacturers 

producing a 

total of 573 

150-tonne 

aircraft to 

supply the 

free world 


civil market demand from 1994 to 2008, airline 
ROI would be 1 percent less and the total 
investment would be 13 billion dollars more 
than for 68 tonne aircraft. Values of ROI 
are higher than normal. In actual practice, 

the tariff probably would be reduced (from that 
assumed in the study) to stimulate the market 
while still providing the airline a reasonable 
ROI. Tor example, an average annual tariff 
reduction of 1.6 per cent would reduce airline 


ROI from 21 to 15 percent and produce a poten- 
tial 2 percent additional annual growth in 
market demand. 



Fig. 2 - 30-year outlook for large fleet mix 

Of particular interest is the economics 
for the 150 tonne derivative aircraft if used ' 
to meet the 1994-2008 market demand. About 250 
derivative aircraft were presumed to have boon 
built before 1994. Comparison with the dedi- 
cated , aircraft indicates the derivative 
aircraft fleet would cost 11 billion dollars 
less and provide the identical ROI to tiie 

airline despite being heavier, and having 
inferior aerodynamics and a greater specific 
fuel consumption. Analysis indicates that the 
significantly lower aircraft price for the 

derivative aircraft negates the economic bene- 
fits of the 1990 technology in the dedicated 
aircraft. Clearly, manufacturers would be 

reluctant to initiate development of a new 

dedicated freighter to be operational in the 

mid 1990* s unless there is some additional 
stimulus, possibly from the civil passenger or 
military airlift sectors. 

MILITARY PARTICIPATION - The study ana- 
lyzed program subsidy as a possible approach to 
stimulating the development and introduction of 
an advanced dedicated airfreighter. Subsidy, 

which could take various forms, in this 

instance consisted of military participation in 
a dedicated cargo aircraft development and pro- 
duction program. 

The analysis postulated that military 
participation would occur in a single program 
directed at the development of an advanced 
long-range type vehicle; that two manufac- 
turer’s would address the 1994-2008 market, but 
only one would produce the military units; that 
the military would provide one-half of the 
required research, development and test funding 
and would subsequently purchase aircraft equai 
to 25 percent of the U.S. domestic and inter- 
national fleet buys, and that mamifacturoi s 
return on investment would be 16 percent. !t 
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was further postulated that military require- 
ments would impose no penalt es (e.g. payload, 
perfornance) on the aircraft. 

CIVIL ONLY 

WITH MILITARY PARTICIPATION 


/ 

/ 

/ 

/ 

0^ 10 20 M 50 100 150 200 

CARRIER R.O.I., % TLEET INVESTMENT, »illk)ns 

Fig. 3 - Economic impact of military 

participation 

Figure 3 pre sents the effects of military 
participation on carrier ROI and fleet invest- 
ment for various aircraft payloads. Military 
participation would make a Carnatic improvement 
in the economic attractiveness of dedicated 
freighter aircraft. ROI would be increased by 
about 5.5 percent and fleet investment would be 
reduced by about 30 percent. Very large 
payload aircraft would become economically 
feasible. Latitude in the economics might 
even sufficient to allow a slight degrada- 
tion in weight and/or performance due to addi- 
tion of aircraft features to better accommodate 
military payloads. 

TECHNOLOGY OPTIONS AND CONFIGURATIONS 




airfreighter of 150-tonne payload capacity 
designed to cruise at a Mach number of 0.85. 
Suction was applied over the forward 85 percent 
chord of the wing upper surface in coii.bination 
with a 15-percent trailing edge flap. Using 
nformation from their USAF-sponsored New 
Strategic Airlift Concepts (NSAC) stuoy (3), 
the incremental changes in aircraft parameters 
from a reference 150-tonne dedicated csnven- 
t.onal airfreighter were estimated by Douglas 
to be; 


Structural Weight: +6.5% 

Engine Weight: +2% 

Lift/Orag-cruise: +22% 

Cl at Takeoff: -13% 

Specific Fuel Consumption; +2% 
Wing Area: +8% 


Aircraft Manufacturing Cost: +4% 

Aircraft Maintenance Cost: +10% 

The absence of high-lift leading and trailing 
edge devices resulted in a decreased takeoff 
lift coefficient. The increase in specific 
fuel consumption and engine weight were due to 
the power units required for the structural 
system. 

Economic Analysis - The economic study of 
the example LFC aircraft was carried out on the 
same bas’s- as for the long range (7000 kin) 
dedicated aircraft produced by two manufac- 
turers, (without military participation) and 
addressed the civil market demand from 1994 to 
2008. Fuel price was assumed as $1.81 in 1994, 
increasing 9 percent per year through 2008. 
Results of the economics study were as follows: 


The civil fleet 30-year outlook has been 
examined regarding conventionally configured 
derivative and dedicated aircraft which incor- 
porate advanced technology. Somewhat less con- 
ventional configurations and technology options 
also are candidates for use in multirole cargo 
design. Several such options will be discussed 
and evaluated from both economic and non- 
economic considerations. 

LAMINAR FLOW CONTROL - Laminar flow- 
control (LFC) is a technology for reducing 
airplane drag by maintaining laminar boundary 
layers. The drag of a fully laminarized 
airfoil is almost ten times smaller than that 
of a modern turbulent flow airfoil. Poten- 

tially, LFC could be applied to any surface 
exposed to the airstream (e.g. wing, fuse- 
lage, empennage). Laminar! zation is accom- 
plished by sucking a small amount of the exter- 
nal boundary layer through the skin. An LFC 

system thus requires a perforated or slotted 
skin on a rather sophisticated structure incor- 
porating internal ducting, and a compressor to 
expel the sucked air. 

Example Configuration - The 30-year outlook 
study examined the application of LFC to a con- 
ventionally configured, turbofan powered 


Aircraft; 

Reference 

LFC 

Trip Cost at D -ign 
Range per tonne of 
payl oad 

$513 

$460 

Aircraft Hr ice per 
tonne of payload, 
$'s 1994 

$975,000 

$1,049,000 

Airline ROI, percent 

21.0 

20.7 

Fleet Investment 
billions 

124 

130 


The results inoicate use of LFC would reduce 
trip cost by ten percent, increase aircraft 
price oy 6.5 percent, reduce ROI by 0.3 
percent ano increase fleet investment by 4.5 
percent. 

Eco**o.Ti c Upcu-e - The above results may be 
somewhat pessimistic as the changes cited were 
based or the state of the art as it appeared 
to Douglas in October 1978 during their 
ongoing LFC studies carried out as part of the 
NASA Aircraft Energy Efficiency (ACEE) 
program. C'jntinuation of these extensive 
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studuis in LFC techno lug}' and systgfs concepts 
has reduced uncertainttes in several areas. In 
4 recent Ooyjlas analysis under the PCZt 

d5-perce«t d»«rd, upper yirface LFC 
was applied to a 300- passenger (31-towie 
jMyload) transport aircraft desi»;fi having a 
rdntje at 9t1b0 La, 4 cryise F4Ch r!u.,*ber ut 0,!jO 
anJ atiliiing cy;.!,>at 3ult< witii »! 

opera! iunal tn.it period, intremerttal 
chiiii.jes fra., a baseline reference design were 
estii-iated and ute vatues for solecieil pare- 
.■Kters are lislea Iwlow together with those yf 
the 19 M ej«a:-,vle conf iguraiioit. 


Aircraft Config; 

|b?8 ix ample 

ACl£ 

Siracturai weight 

+-e.5i 

+2. St 

engine weight 

m 


l.m/Uraa 

*22% - 

*27% ■■ 

Ming Area 

*B% 

nw 

Aire. Mfgrg, Cost 

’*4% 

+2. it 

Aire. Mdint. Cost 

.. +.101.. 

+3.4% 


»RiHa direct one-to-one c«farlsons are not 
possible because of different aircraft design 
conditions, i«|jrovements are evident In the 
ecoaomicaliy critical areas of weight, etanufac- 
tuftng cost and naintenance cost,.. 

Possible Constraints - The achlevaaent of 
LFC is ..iigniflcahtTy ?r.f I uenced by aircraft 
configuratiw and operations. As the Aeynoids 
nwstber increases, laminarizatfon bftc<wes 
Increasingly difficult to achieve and surface 
Sieootbness constraints bect»» more severe. 
Ming sweep also increases the difficulty, 
because of destabilizing ffessure gradients 
arising frop unstable cross flow produced 
within the boundary layer. Disturbances frow 
engine noise Hust also be cilnhnived. 

From an operational standpoint, contasi- 
nalitm of LFC surfaces inust be either avoided 
«r controlled to snaintain iaainarizatton. 
Insect spatter, debris and ice can roughen the 
surface and also clog the pores or slots in the 
surface. While coni ami nation control (e.g. 
spray nozzles) ».usL be incorporated for pro- 

tecting and cleaning t.he surface. i«itilaining 
LrC would be i.iore difficult during o;«eratioh& 
where insects, dost, or debris are present m 

quant tty, and during cruise through ram or fee 
crystal clouds. 

Frcan the forvgoir.g discussion, fully 
applying U'C would m mre difficult for 
aircraft having either highly swept «r very 

long chord wings, or for those required to 

eporate frore imp-t^epared airstrips |f.y* wili- 
Ury supply -t fc; wu. d bo.if'-' Conversely a 

potentially attractive L'tX airplane would t» 

onv that has a high aspect ratio, short chord 
wimy and operates s-ar a long range at high 

.'iltiitKte. Such an airplane concepi. shown in 
liijore 4, has been evolved over a }?en‘otl of 
;:wtty years by Or, kerner Plemiinger, i4io is 

well known for his work on LfC. the wi ny is 

hraceo with struts {I jfniikirizedl to achieve a 


very high aspect ratio (ib.i tor thii p.n’li- 
cular coiif tgura* ior»|, trigines are siratcyi- 
cally located to reduce noise disi urpanccs 
the SuaiKlary layer. Here oelails .iIuhO tins 
concept and us chdrutlynsl it s oun pc ufr.umed 
froisi 14). 



fig. 4 - Long range aircraft concept utiUilng 
laainar flow control .. 


Tec hnology Status m4 Reottlremeitt s ■■ 

S 1 gnllTcinrie TSs recenfl y been 

generated -f«f* designing iracUcal" configu- 
rations for IfC aircraft. For example, ACCil- 
sponsored studies Indicate use of LFC on only 
the wing upper surface will achieve «arly -all 
of the aerodynaaic teneftts as ksHinarizItig 
both surfaces wiiile making p< ible: effective 
installation of a leading edge troeger flap to 
provide both high lift and protect ion" of the 
LFC Surface from insect strikes during terminal 
area operations, rerfaceef mairtterwhce {e.ij. m 
fuel leakage into LFC panel , less foreign 
object damage}, lower IFC weight penally; and 
easier access tu sufesystw in the wing, 
txperi I, sen Is have also twheated that cnvirnrr- 
mental ctifitaniiriaf, i-an, decreases '.M- poro- 

sity pf LFC surfaces, can W. re, roved etfec- 
lively by in suo stoaci clcarum; wilh no 
cumiilat !vt* dei|r,3dali at! of iHoosity. 

Many teciffHilosjy gaps rt*r.;atn whudi shvC to 
be tilled. In aorodyf!,ii.o< n-.i nr-.-.t)', iv>k is 
needed lo define <ipprurr iau- IH t -oii io-j- 

rat ions, mrloilliu, airtuil •dsnoo, :w» variUii'S 
Wing olanfoiviis ,,uu; rurnte of Kt->r,oKb- i-.r-sbr) , 

I (! power, i linUy f oqi, is ni'i-iseo hr ufnrk’ 

Uicu! i -'ov .-'iti K/'ot lourefiOns wjH -re 

tiilvers-, Iv .(tfw.l hit.fhior !/,i! lion 

IS rt>«jom-d if . !jt Of * jt s , sf rio, hev’s .or-' ..v-jc- 
t lira 1 labricafUii! •>! h-,-. I!-, -(.o'* .n f;s , .n:J so 
tiw ersvirtW' "f'el svsteiSv .r;J -u., ii.-o 
Fliyhl test osper ionce !*. weneJ is., hi' 

systems .mu surface tUwmH '.e-i m. s, fu e 

sol u! I UfiS te ihu vjeiouo pfol-i., :r'L>.h. or-- 
obtained «!i art uulivin-iat i‘os:-. , -v- ,h;. I h; 

wi f h !«! fijr ai rri • ui'S,.'*,: ;o- 
bull!, JUS lal iCii os< an airts'-ti’X *'>i'tri 'se'eU 

and tits'!! ,‘li: M5hi Siirj:; t (’Utli t i- t- .S.-'-'tf- 

ijiH’r.’Muful ilUa s.ti'Js*e n'O-aj-w.-i h; (.-.-'.ctiu t. .. 
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SFC at the lower ftsch mmber being critically 
to the etonoffiic viability of propfans. 

Possible Contraints - The results of the 
above analysis indicate that economic con- 
siiteratlons cooW well linit the cruise speed 
of propfans to values below those of current 
transports , which cruise at 0.8 to 0,85 Mach 
msitber. The airways are now keyed to the 
higher speed and the entrance of a M ~ 0. ? 
aircraft on priine routes sssay result in some 
difficulties. The advent of ««re sophisticated 
4-D air traffic control should, however , ease 
the probletn of safely and efficiently inte- 
grating Mixed- speed traffic. 

A second constraint may be an upper limit 
in size of the propulsion system units, at 
least for the foreseeable future. While large, 
long-lived, low maintenance aircraft gas 
turbines exist ttie sarue cannot be said for 
s1«ii3r~sl2e speed reducers reguired oetween 
the high retational speed turbine tint! the relj- 
tlvely slow rotational speed propeller. In 
fact, an alinost order pi Hiaynitude increase in 
unit size would tx.* needed. Alsu the largest 
speed reducer units presently in use (about 
5000 horsepower) are not particularly i roup la- 
free as compared lo turbofau rnginos. The 
Oeuglas econoMic analysis prosumod that no 
additional iMintcnance cost would be incurrat! 
for jpropfan aircraft. This presuHipt icn i.yy 
have been overly optisistic. lor lurga 
aiprift, an alternate to large propfans would 
be the use of a number ot smaller units. 


AiivASfl!) rirdPtlLikb - increasing p^obletfts 
in fuel prices and supply Nave stimulated 
! eexasiii fiat ion of propellers - not the 1950’$ 

version, but a new , highly- loaded , turboprop 
(prupturi) shown in figure 5 which uses advanced 
blade struUuro and aeruuvnamics technology for 

efficient, hicls speed uperution. Based on ana- 
lysis verified by wind tunnel studies (5), the 
propulsive efficiency of tne isolated 

{uninstal led) propfan shows about a 20 percent 
iTiipro«u„c'nl at Much 0.8 and a 35 percent 
improvement at jiach 0.7 , wfien compared to 4 
high bypass ratio turbofan. 


Aircraft Price 
]§&r tonne of 
payload, $'s 

1 ■ ' * 


Ccononic Analysis - The economic study of 
the itaich d,? and (hS propfan aircraft, carried 
out on the same basis at far the long range 
(7000 te| dedicated aircraft produced by two 
Manufacturers and addressing the civil marxel 
detaartd from 1994 to 2008, provided the 
following resylts: 


Aircraft; Dedicated Propfan Prop tar; 

M 0.85 Al*l. 


Trif; Cost at 
Oesign Range 
:jj«^ tonne of 

■payload S5T0 $467 $523 


Fig, 6 - rTdvanced 

■i irfrei unt f>r 


propfans applied 


Lxgmple Cunfi gyrations - The 30-year out- 
look study 'cAa.aint'd' applTcatiori of propfans to 
two conventional ly cunf inured airfreighters of 
of 15U- tonne payload capacity designed to 
cruise at Huch nuttbers of 0.? and 0.8 respec- 
tively. Based on inf oraation froto the ISAF- 
NSAC study (3) , the incremental changes In 
aircraft pa ran tiers from a reference 150-tonne 
dedicated, convcntiunal ly-conf igured, Mach 0.85 
dlrfreiyhter were estiswted by Douglas to tm: 


Pru.iulsioi! we- gill and propulsion manufacturing 
costs irtc^ude tht; eiujincs, yar boxes and jrs- 
p-ellurs, wbiU? ihu ;ra,jf^n has adv stages over 
tlH- ri iert-uci’ aircraft in the areas of struc- 
ture! wtii./ii and siJucific iuel consumption par- 
t iLuIurly f or- the Much 0. T configuration, 
pnu.iitu-s ar>' incurred due to reduced llft-tO- 
dr.s| rally and t net eased propulsive system 
weight ,ft!d test . 


Structural kt. 
f'ropul. At. 
Nacelle wt. 
ppec. fuel Cons. 
I, iU/Ur.ej-cruis* 
ft’i'kj Area 
I'Topul. bust 


-26'S 

-f-lOi'A 

-m 

-30" 

-t)f. 


-45, 

+1121 

JtSf 

-20S 

-101 

- 10 % 




of high noise level s found for some of the con- 
figurations where the blade tip speed exceeded 


however prior experience has convinced the 
airlines that significant advantages exist in 
»i ini wilt tig the number of powerplants on an 

aircraft. 

Technology Status and Reouirem ents - The 
technology generated to date fo>” tHi~ advanced 
propfans has centered primarily on Improving 
the propulsive efficiency of the isolated 
f-owerplant in efforts first by Hamilton 

r’vity, and sere recent’ ' ' 

nhayse studies uf!d» 


. Parametric effects on 
nuiitber of blades, blade geometry (c.g. shape 
and sweep) and rotational speed, have been 
investigated both analytical ly and in model 


available (about 5000 (sorsepower) would be 
suitable for four- engine advanced cargo 
aircraft no larger tlnn about ?5-tonne payload 
capability. In addition, ch:’ maintenance of 
these units has been signi f icai.t , while new 
develop!, letits have occurred in gearing tech- 
nology an, i materials, production of a satisfac- 
tory cO-a'5,000 horsepower speed reuucer system 


would be 


major achievement and require 

- - * t-gaiTl *11^1 r^or- 





systems appropriate for transport aircraft, 
plus preferred configurations of the aircraft. 
The studies, determined that the aircraft 
should be configured to locate the low density 
cryofuels within the fuselage both fore and aft 
of the passenger compartment, as illustrated in 
figure 6. The performance of a variety of 
range - payload combinations were investigated 
with up to 18000 km in range and up to 800 
passengers. The performance data derived in 
the early studies for LH2 aircraft have been 
refined for comparison with LCH4 aircraft and 
will be reported shortly. For 10,200 - km 
range; 400-passenger combinations designed to 
cruise at Mach 0.85, incremental changes in 
aircraft parameters from a reference, 
conventionally-fueled transport were calculated 
by Lockheed to be: 


Aircraft: 

LH2 

LCH4 

Gross Weight 

-25X 

-1.0% 

Oper. Empty Wt. 

0 

+10.5% 

Specific Fuel Cons: 

-66.3% 

-18.0% 

Lift/Drag, -Cruise: 

-8.8% 

-1.6% 

Wing Area: 

-35.3% 

-4.5% 

Fuselage Length: 

+9.5% 

+2.2% 


The cryofueled aircraft are characterized by 
heavier fuselages, and lower lift/drag ratios 
because of the increase in fuselage size rela- 
tive to the wing. However these disadvantages 
tend to be nullified by the much lower values 
of SFC for the cryofuels as a result of their 
greater available energy content per unit of 
fuel mass. In the case of LH2, the decrease in 
fuel required because of the greatly reduced 
SFC was sufficient to reduce wing area dramati- 
cally and completely offset the weight penalty. 
For LCH4, there was only a partial offset. 

Configuration Economics - While no economic 
analysis of the type carried out for LFC and 
propfan was made, values of energ>' utilization, 
DOC and aircraft price were calculated. 
Changes in these values from those of the 
conventionally-fueled aircraft were indicated 
to be: 



LH2 

LCH4 

Energy Utilization 

-13.2% 

-1.2% 

DOC 

-1.2% 

-6.3% 

Aircraft Price 

+0.7% 

+10.0% 


A large advantage is shown for LH2 in energy 
utilization but not in DOC where LCH4 has a 
substantial advantage due to its present lower 
cost as a fuel. In terms of ROI, however, this 
advantage of LCH4 would be diluted by the 
significantly higher price of the aircraft. 

Possible Constraints - Location of the 
fuel tanks in the fore and aft sections of the 
fuselage would rule out nose or tail loading 
for cargo aircra'^''. Sideloading, while in use 
today, constrains the handling of outsize 


cargo, such as heavy military equipment. Since 
nose or tail loading of cargo has not been a 
requirement of NASA cryofueled aircraft con- 
figuration studies to date, identification of 
viable configurations in future efforts should 
not be ruled out. 

A second constraint in the use of 
cryofuels is the requirement for a substantial 
investment at the airport for special equipment 
to liquify the fuel. This must be done at the 
airport since it is economically Impractical 
to transport cryofuels over long distances. 
Studies carried out for NASA indicate, for 
servicing an aircraft fleet equal to that 
handled by the Chicago O'Hare Airport, the capi- 
tal requirements {in 1980 dollars) for airport 
liquifier and storage facilities would La about 
1120 and 600 million dollars for hy<i'"09en and 
methane respectively. Thus when cryofuels are 
introduced, financial considerations will very 
likely limit the number of airports which are 
equipped to handle the fuel. Such a limitation 
would constrain the system network and decrease 
flexibility for airlift during emergencies. 

Technology Status and Requirements - Both 
of the cryofuels are considered to be good 
fuels for use in existing engines with few 
technical problems. LH2 has been used as the 
propellant for a number of space vehicles and 
was flight demonstrated in an aircraft in the 
1950' s by the NASA Lewis Research Center. 
Methane is the principle constituent of natural 
gas, which also has been used to fuel engines, 
particularly stationary power plants. There 
are, however, opportunities for increasing the 
performance of the LH2^- fueled engines by taking 
advantages of the cooling capacity and combus- 
tion characteristics of LH?. Problems center 
on the handling of the fuels as cryogens since 
they have to be stored in insulated tanks and 
then pumped through lines and valves at tem- 
peratures of 20K for LH2 and lllK for LCH4. 
Problems are more serious for LH2 than for 
LCH4, since it has a substantially lower tem- 
perature and viscosity. 

Two prime technology deficient areas con- 
cern the fuel pump and the cryoinsulation for 
the fuel tanks and lines. The pump problem 
lies with very high pump speeds (50,000 to 
80,000 rpm), and ineffectiveness of LH2 as a 
lubricant. In spacecraft, LHo pumps have design 
lives in the order of ten nours, while most 
aircrift equipment entering airline service 
should have a minimal life expectancy of at 
least 1000 hours with good reliability. Prior 
experience indicates severe problems with ball 
bearings in LH2 pumps and suggests use of other 
bearings types such as compliant foil bearings, 
now under study for NASA by the Garrett 
Corporation. 

The insulation problem centers on the need 
for a light weight reliable insulator which 
does not degrade and has a long life. Inves- 
tigation of a number of insulation systems 
narrowed the field of contenders to closed cell 
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foams and to vacuum jacketing, with only small 
differences between them in insulating quality. 
Because vacuum systems can be unforgiving if the 
vacuum is lost, the use of cl d-cell foams is 
considered to be a more re. able approach. 
Permeation of air into foams poses complica- 
tions, since at LH 2 temperatures, selective 
1 iquification of the air components can occur, 
add mass to the system, and decrease structural 
integrity of the foams. Insulation can also be 
subjected to thermal and load cycling (i.e. 
vibrations). R and D studies are presently 
being carried out on foam insulations under 
NASA contract. 

Once components have been developed for 
the entire cryofuel propulsion system, a need 
exists for aircraft to be outfitted with the 
system, flight tested to identify and correct 
any unanticipated problems, and then placed in 
demonstration service to establish long-term 
performance characteristics and develop user 
confidence. 

Another technology requirement needing 
attention concerns the safety a.spects asso- 
ciated with the use of cryofuel s in each of 
three areas: fuel spills occur! ng at the 

airport; system failures onboard the aircraft, 
and post-crash aircraft fires. In fuel spills, 
which can release great quantities of stored 
cryogenic fuel, detailed knowledge is required 
of the physical beh^- or of the fuel following 
its release. More is known about LCH 4 , since 
it is essentially liquefied natural gas (LNG) 
used throughout the world. Following a spill 
it is known to form a non-buoyant cloud, but 
the characteristics and behavior of the cloud 
as it spreads and mixes with the air require 
better definition. For LH 2 , little is known 
concerning ’ .rge-scale post-spill behavior, not 
even aoout buoyance although there is some 
qualitative evidence of neutral buoyancy of the 
vapor cloud existing for some period of time. 
NASA effort has recently been initiated to 
define the hazards associated with large 
ground-base spills of LH 2 . 

Uncertainties arise regarding the safety 
of cryogenical ly fueled aircraft. Potential 
problems are associated with fuel lines, valves 
and other equipment necessarily located within 
the fuselage, extending the length of the 
passenger compartment, and operating at 
cryotemperatures. Little is known about the 
long-term operational problems and reliabi- 
lity of such configurations. For post-crash 
fires, the degree of hazards is critically 
dependent on the time-history of combustion and 
associated physical properties of the products 
of combustion which critically depend on the 
likelihood, manner and severity of fuel system 
rupture. The post-crash behavior of transport 
aircraft fuselages is not considered to be 
defined in sufficient detail, backed by acci- 
dent statistics, to carry out meaningful hazard 
analyses. The NASA Lewis Research Center is 
initiating studies to address the cryofuel 


hazards associated with both system failures 
onboard the aircraft and post-crash aircraft 
fires. 

DISTRIBUTED LOAD CONFIGURATIONS - As 
aircraft Increase in size, the available volume 
within the wing increases more rapidly than the 
volume required for fuel and payload. This 
trend arises because wing area must grow in 
proportion to gross weight (for landing and 
takeoff considerations) and wing volume 
increases as the three-halves power of wing 
area. Above some certain size therefore, the 
wing volume alone is sufficient for fuel and 
payload and no fuselage is required. Carrying 
the payload distributed along the wing span, 
rather than concentrated in the fuselage, also 
reduces winy bending moments because weight is 
largely balanced by local lift. While the 
cruise equilibrium condition is only one of 
many structural design conditions, studies have 
shown substantial weight savings for very large 
airplanes loaded in this fashion. 

Large payload- in-the-wing airplanes, called 
distributed load freighters (DLF) have been 

studied by NASA for about five years, both 

inhouse and under contract. Examination of a 

number of DLF configurations indicates the 
desirability of having the wing swept back and 
untapered, and the critical dependence of con- 
figuration geometry on payload height, as it 
determines the wing thickness. Tradeoffs can be 
made between airfoil thickness ratio and wing 
aspect ratio in optimizing a DLF design to 

accommodate a given number of cargo containers. 
For DLFs carrying standardized containers having 
a height of 2.5 to 2.7 m and a density of 100 to 
160 kg/m3^ advantages over conventional aircraft 
are evident only very large payloads, 

usually greater than 300 tonnes. Configuring 
DLFs : th external cargo pods may also be 
necessary for special situations (e.g. outsize 
payloads) . 

Example Configuration - The 30-year 
outlccL study examined a DLF of 236-tonne 
payload capability, designed to cruise at Mach 
0.75 and equipped with a center pod to accom- 
modate outsize cargo. This configuration, 
while not optimum for demonstrating DLF to 
maximum advantage, had been defined in detail 
by Douglas in their USAF-sponsored NSA ' study 
(3). The incremental changes in aircraft para- 
meters from a reference 236-tonne dedicated 
conventional airfreighter, designed to cruise 
at Mach 0.85, were estimated by Douglas to be: 


Pylon/Nacelle Weight: -17% 
Structural Weight: -43% 
Lift/Drag-cruise -13% 
Specific Fuel Consumption: -*% 
Wing Area: +10% 
Aircraft Mfgrg. Cost: -15% 


The significant decrease in lift-drag ratio 
results from the low effective aspect ratio 
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•rfich d!f,.iort;i tn t.he United States and abroad, 
for future eir^-wrts, Ufouf* 4, FAA sutidaras 
specify b/ w fur the (Mscr-uw dllowablt' «ifiy 
saari, and latwtnj year treads ttol to exceed 
ib.i? at, iHsir idutfcd toad freu^htefs would 
definitely restrsttKd in fleet opt!'*.-' 
without siJbsta'U iul changes in airport --ur 
landiny year confi .jurat ions. 

lechn c- o^y Status and tf ev^uir e ments 
Distntwlea load com i (jurat ioria per se not 
involve the ImplofUentat ion or espiaitatlofi of a 
specific advanced technolo<jy uption (e.j. - 

mr fic>v contfoK prcpfans}. Various proble.ii 
ureas have ueen ideot i f ied, however, wfiere 
tecimolojiy reqsiireaiettts exist. |(t!prove'aent in 
OIF aerodynannc efficiency Is one such area. 
The wing airfoil sections necessarily need to 
be thick, possibly greater than 20 percent of 
the winy chord. For such thicknesses, advanced 
airfoil Shapes which provide good aerodynamic 
eff1c1ency...at relatively high .subsonic cruise 
Mach nwhbers, such as the WSA supercritical 
series for thinner sections, have. .not... yet... been- 

developed .■■■■■■■■ dse ■ ■ -.of .:■ ::.uh.t aper ■ ■ ■ ■ of lot? 

■■aspect r«ll.o'''''ih DIF cotif igurations will be 

accompanied by lilyh induced aerodynamic drag 
unless ■■apprapriate'... airodyhanfc '^''V devices,' 
exerapl if* ' f by....t.h.e....fl.ns....coRceptea!-T^y''^shown;;.^.^.o^n' 

■ t he'.'.;.;. wf iiy ' A.'t i p.s.-.-.- ■ of ■ ■ ■ : : the ■ ■ ■ ■ fitF ■ ■ ■ ■ ■cowf f giirat Ion in. 
f I gyre ? , can be. . dev.l.sed. . . tO: . . increase • ■ ■the^ ■ ■ef f gc'-' ' 
■t'lve"«fo4yna«ic aspect ratio. 

... AcWevewient of adequate flight control, 
particularly near the ground, is another problem 
of very large span vehicles inticipated ..to....be. 
..p.ar.t..icu^l4r.ly--troul)' -soi« for 0LF'''c0rtfi'yiifat1oti's 
because of the high mass nwwsrst of inertia 
around the roll axis. Technoloyy is needed not 
only far design of systems to counteract speci- 
fic dynuffiK Inputs such as from yusts hat also 
for definHion of the disturbing inputs them- 
selves. 


Ib.oi cf the wing with winglets wh’ch was con- 
f i gyred to accoinnodate two spanwise rows of 
containers. Decrease in structural «ight was 
very large -Jespite the mcreasad wing area and 
‘he cargo poo. 

Lxg wple a nalysis - The ecoriyisic study of 
the ecaajTe DU aircraft was carried out on the 
sasit* basis as for the long range UODO km) 
dedicated aircraft produced by two ..unufac- 
tarurs (without i;ii ! itary participation) and 
addressed the civil aiarket demand from 1994 to 
2UtW Results of the economic study were as 
follows; 


Reference 


Trip Cost at Design 
Range per tonne of 
payload 

ft ■f.f c r a.f t.'.'.Fr. I ce -per ■ ■ 
ttsfine of pay Toad, 
$'s 1994 


At r.l. Ine . .RO I , ■■■ pef"€eht 19 


The results----indieate a- significant benefit ■■■!« 
airi'lne RSI for the distributed load freighter, 

which directly results from... ..Its 3S..-p€rc€nt- 

■s^a vin^gs^^ ■f n^; ■a If C'fS'f'f'.'.. price .,■■■ s 
to'rt 'df "payload was about teft...p.epcefit...ye«ter-.- 
■Despite ■■■betn^g^'i'''hoh-opt& sp.an-dlstrlbuted- 
toad configuratiofi, the example OLF aircraft 
would provide the highest ROI to the airline 
and the lowest required fleet investw-nt of any 
of the conf f prat t ons. ana-Iyted -'lfs^ ^the^ bCfs^ntitiTc' 
study. 

Pos sible Cons traints - Distributed load 
freighters are attractive primar i ly for very 
large payloads (for reasons cited in earl <er 
discussion) which could constrain practic.-l 

applications for scKic types of cargo service. 
Tt« constraint of viable OU si^e .is not »«l! 
defined as it depends on a nunsfee'^ of factors. 
One sucii factor is payload density win'ch dic- 
tates the pay load voiuHte to be acccimiiodated in 
the wing (and pods, if required). Another 
factor IS payload jeowetry. particularly the 
vertical diiuenston which infloences wing 
thickness. As an exts:,ip!e, thy opt iriiju DIF con- 
figuration for carrying high-density hols cai go 
(e.g. i t’rosene) would be suds toot 1 ally different 
Lhar the optimum ccnifi jura*: ion for r.srryuuj ?.'o 
by 2.*) by b.3 i<. containers having the so-oe total 
Sftdss. but oru;-fifth the dencUy of kerosene- 
fhe wing fer the bull Ctirgg wou ! >1 have a higher 
aspect ratio and Ih* cues ider ably tlmmer, wi tn a 
resultant sigrif tcantly higher iift-drag rat to. 

Another DIF constra int is the neea for 
exlra-wido runways and l,.x’w<iyi,. liyhleninj 
the i/tfij structure to take .jcvaiilaije of reducod 
beuPniy mOrtiCnts during cruise 'mcev,, '"ilv 
reguiros distribution of the lamling gear 
across a gofi.Hy portion id ttie wing srai'. 'wic 
Idft*'ti 4 gear treatis ptjse ;iotcfiliaI uonfltci. 






Inexpensive inultibodies. In the USAF -sponsored 
New Strategic Airlift Concepts stu% % the 


Betduse i OLF Is ver>> close to the ground 
durint, Unding «.»d takeoff, the propulsion 
system units cannot be located under the wing 
on pylons, but inust be located .in non-standard 
locations uuove the wing or even buried within 
the wing. Advanced technology is requii ed for 
eif 'cient integration of the propulsion system 
in such locations. 


pertaining to the civil cargo fleet 30-year 


Co fit igu r ation and Characteristics - 
Hull iFoiTis 'show ””p?iiITiF~ f i " • vera 1 area s . 

Keduuions ut wing root bending inoment should 
provide savings in structural weight and O’tt. 
Part tohfcionai ity, to reduce manufacturing cost, 
can also be achieved in the bodies (fuselages), 
wing sections, tail , and aircraft systems. 
Prel iwinary design studies have even indicated 
the feasibility or pairing fuselages front 
exist! rig cargo aircraft designs to provide 


t ions from protected waters and improved sites 
having m paved runways. 

Configurati on pnd Technology * Air Cushion 
Landing Gear , fSCLG) , " Thvehtea by Hr. T. 0. 
Lari who presently is with Bell Aerospace 
Textron, was first fitted to a I igiil (1120 kg) 
amphibian In 1%/ and flight tested sucessfully 


lipfl 









wt both tarrd and water. In a subse<|ue«t 
research and technotoiy de^elopffldat pfograro 
sjjonsared by tht USkf and the Canadian 
Governatent > a siailar r«tr©f1t ms cirrled «jt 
for a ifcdium {18,600 kg} cargo traflsport and 57 
takeoffs and landings mm iiade. It* »^*sa1ts of 
these studies plus analyses and laboratory 
experiments have generally Identified ACL8 capa- 
bilities, configuration constraints, and problem 
areas. In a recent study effort for W1SA, Bell 
Aerospace Textron considered a series of 
aircraft ACLG appticatlofts to determine the most 
attractive, analyie potential benefits and 
define and prioritise technology teguirements 
| 3 }* 

In the applications study, eight aircraft 
configurations including five transports were 
selected. They ranged in sue frcm a small 
general aviation amphibian to a large wultl- 

missidn aircraft. A new integrated ACiG 

aircraft arrang««nt, illustrated in figure 9, 
was aiployed for the five transport concepts. 
The WILG configuration differs from the prior 
retrofitted ACL8 designs by having increased 
cushion area, and a wider track. An inherent 
feature of this design is a low height cargo 
deck with kneeling capability for easy on-off 
loadifta. 



FTg, 9 - Air cushion landing gear airfreighter 
concei-it 


Technology regui regents were identified in 
eleven areas, with four coiinianding near-term 
duvelopme'it priorities. These four include: 
trunk icaterial life development, cushi in 
braking development, trunk flutter suppression 
and flight effects. While little ACLG effort 
IS presently underway , an 8 and D effort to 
provide thi? technology required to design a 
large ACLG airfreighter was estimated to 
rfcjqi.ire 10 to 15 years if carried out at a 
Hiuderate pace. 


Additional inforsiation on ter •'oology 
requirements and readiness was recently iden- 
tified and evaluated (10), not only for ACLG 
airfreighters, bur also for a variety of other, 
configurations includlfli those discussed 
earl ier. 

CONCLUDING REMARKS 

The civil cargo fleet Sl-year outlook 
analysis pointed exit the imp‘'.rtance of fleet 
econoan'es. Inccrporation of 1980 technology 
into stretched tterivatives of present-day wrfde- 

body cargo airplanes would be economically sound 
through reduction In aircraft price and trip 
cost and increase in return on 1nvests«nt to the 
at: ne, and would be viable for several decades 

to c«ie. tiew dedicated airfreighters, incor- 
perating 1990 technology, would offer little tr 
no econoiBic Incentive when competed against 
derivative aircraft, even though they could be 
lighter, and have improved fuel consumption 
characteristics. The economic attractiveness of 
dedicated airfreighters could be dramatically 
Improved by military cost sharing in the 
research, (tevelopiaent, and test phase, and even 
very large payload aircraft would becon« econo- 
mically feasible. 

Examination of several advanced techology 
options and configurations identif ted propf 
airfreighters, designed to cruise at Mach Q./ , 
to be economically attractive with regard to 
trip cost, aircraft price, and return on invest- 
ment. Span-dist»-i buted-l oad airfreighters had 
the lowest price and the highest ROl but suf- 
fered from a relatively high trip cost due to 
aerodynamic inefficiencies. Use of laminar flow 
control for airfref ghters would not provide 
great benefits from economic considerations. 
For all of the options, significant technology 
requirements and/or operational constraints were 
noted. Use of air cushion landing par con- 
flguraticns was identified as an attractive 
approach for avoiding the constraint of runway 
’imitations on accommodating very large 
airfreighters, 
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